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SURSHUWLHV RI DQQHDOHG 2)+&FRSSHU
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ODERUDWRU\IDWLJXHSHUIRUPDQFHRIDQ\PDWHULDOLVFRPPRQO\DVVHVVHGWKURXJKFRPSOHWHO\UHYHUVHG VWUHVVRUVWUDLQ
FRQWURO ORDGLQJ +RZHYHU VWUXFWXUDO FRPSRQHQWV DUH YHU\ RIWHQ VXEMHFWHG WR F\FOLF ORDGLQJ ZLWK QRQ]HUR PHDQ
VWUHVV6XFKDV\PPHWULFF\FOLF ORDGLQJFDXVHV F\FOHE\F\FOH DFFXPXODWLRQRI LQHODVWLFVWUDLQ LQ WKH FRPSRQHQW LQ
WKH GLUHFWLRQ RIPHDQ VWUHVV 7KLV SURJUHVVLYH LQHODVWLF GHIRUPDWLRQ LV FDOOHG UDWFKHWLQJ RU UDWFKHWLQJ HIIHFW 7KH
UDWFKHWLQJSKHQRPHQDLV RI FRQVLGHUDEOH LPSRUWDQFHIRUWKHSXUSRVHRIGHVLJQDQGVDIHW\DVVHVVPHQWRIHQJLQHHULQJ
FRPSRQHQWVDVDFFXPXODWLRQRIUDWFKHWLQJVWUDLQGHJUDGHVIDWLJXH OLIHRIVWUXFWXUDOFRPSRQHQWV*DRHWDO
&KHQ HW DO  6R LW LV LPSRUWDQW WR XQGHUVWDQG UDWFKHWLQJ EHKDYLRU RI DQ\ PDWHULDO IRU VDIHW\ DQG LQWHJULW\
DVVHVVPHQW RI F\FOLFDOO\ORDGHGVWUXFWXUDOFRPSRQHQWV
2YHUWKHODVWWKUHHGHFDGHVD ODUJH QXPEHURIVWXGLHVKDYHEHHQFDUULHGRXWWRXQGHUVWDQGWKHUDWFKHWLQJEHKDYLRU
RI GLIIHUHQW PDWHULDOV 6XFK VWXGLHV FDQ EH EURDGO\ JURXSHG LQWR L H[SHULPHQWDO VWXGLHV DQG LL FRQVWLWXWLYH
PRGHOLQJWKURXJKVLPXODWLRQVWXGLHV'HOREHOOHHWDO.DED\DVKLHWDO&KDERFKHHWDO+ROVWH
HWDO-LDQJHWDO%DULHWDO&KHQHWDO 0RVWRIWKHUHVHDUFKHUVKDYHH[DPLQHGWKH
HIIHFWRIPHDQVWUHVVVWUHVVDPSOLWXGHDQG VWUHVVUDWLR5 UDWLRRQWKH HYROXWLRQRI UDWFKHWLQJVWUDLQUDWFKHWLQJVWUDLQ
UDWH DQG QXPEHU RI F\FOHV WR IDLOXUH+DVVDQ HW DO 2]JHQ  5LGHU HW DO ;LD HW DO 
.XONDUQLHWDO)HDXJDVHWDO /LXHWDO.DQJHWDO.DQJHWDO &RPPRQO\
UDWFKHWLQJ WHVWV DUH FDUULHG RXW XQGHU HQJLQHHULQJ VWUHVV FRQWURO PRGH RI H[SHULPHQWV 6LQFH HQJLQHHULQJ VWUHVV
FRQWURO WHVWV DUH EDVLFDOO\ ORDGFRQWURO WHVWV WKH UDWFKHWLQJ GHIRUPDWLRQ HYHQWXDOO\ FDXVHV D FKDQJH LQ VSHFLPHQ
FURVVVHFWLRQDODUHD$VDUHVXOW ZLWKDFFXPXODWLRQRIUDWFKHWLQJVWUDLQ WKHUHRFFXUVXQFRQWUROODEOHLQFUHDVHRIWUXH
PHDQ VWUHVV DQG WUXH VWUHVV DPSOLWXGH LQ FDVH RI SRVLWLYH WHQVLOH PHDQ VWUHVV 6LQFH DW DQ\ LQVWDQW WKH DFWXDO
GHIRUPDWLRQUHVSRQVHRIDPDWHULDOLVFRQWUROOHGE\WUXHVWUHVV LWLVPRUHDSSURSULDWHWR FDUU\RXW WUXHVWUHVVFRQWURO
WHVWV,QWKLVGLUHFWLRQVRPH LQYHVWLJDWLRQVKDYHEHHQFDUULHGWRVWXG\ WKHWUXHVWUHVVFRQWURO UDWFKHWLQJEHKDYLRXURI
GLIIHUHQWPDWHULDOVHJ /16WDLQOHVV6WHHO3DXOHWDO6$&0Q3DXOHWDO&6WHHO
+DVVDQ HWDO





7KHPDWHULDO XVHG LQ WKH SUHVHQW LQYHVWLJDWLRQZDV FRPPHUFLDOO\ SXUH  SRO\FU\VWDOOLQH2)+& FRSSHU
UHFHLYHGLQ WKHIRUPRIPPGLDPHWHUURG&\OLQGULFDOVSHFLPHQEODQNV RIPPGLDPHWHUDQGPPOHQJWK
ZHUH DQQHDOHG DW  & IRU WZR KRXUV DQG WKHQ TXHQFKHG WR JHQHUDWH FRDUVH JUDLQ VL]H 2QH RI WKH DQQHDOHG
VSHFLPHQVZDVXVHGWRREVHUYHWKHPLFURVWUXFWXUHIROORZLQJXVXDOPHWDOORJUDSKLFSROLVKLQJDQGHWFKLQJZLWKIHUULF
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VHUYRK\GUDXOLF XQLYHUVDO WHVWLQJPDFKLQH ,QVWURQRI .1 ORDG FDSDFLW\$QH[WHQVRPHWHU RI PP
JDXJHOHQJWKZDVXVHGIRUFRQWUROOLQJWKHWHVW7HVWZDVGRQHDQGGDWDDFTXLVLWLRQZDVDFFRPSOLVKHGXVLQJ,QVWURQ
%OXHKLOO7HQVLOHWHVWLQJVRIWZDUH5DWFKHWLQJWHVWVERWKXQGHUHQJLQHHULQJDQGWUXHVWUHVVFRQWUROPRGHZHUHGRQH
DQG GDWD DFTXLVLWLRQ ZDV DFFRPSOLVKHG XVLQJ D PDFKLQH GHGLFDWHG JHQHUDO SXUSRVH ,QVWURQ :DYHPDWUL[ IDWLJXH
WHVWLQJVRIWZDUH$OO WKHUDWFKHWLQJ WHVWVZHUHGRQHDWVWUHVV UDWHRI03DSHUVHFDQGXVLQJD WULDQJXODUVWUHVV
ZDYHIRUPNHHSLQJPHDQVWUHVVFRQVWDQWDW03DDQGDWFRQVWDQWVWUHVVDPSOLWXGHRI03D:KLOHLQFDVHRI
HQJLQHHULQJ VWUHVVFRQWURO WHVWVZHUH OLPLWHG WRSFW HQJLQHHULQJ VWUDLQ DFFXPXODWLRQ LQ WKHSRVLWLYHSDUW RI WKH
ORDGLQJF\FOHVWKHWUXHVWUHVVFRQWUROWHVWVZHUHOLPLWHGWRSFWWUXHVWUDLQDFFXPXODWLRQZKLFKFRUUHVSRQGVWR

























   
   






FRQVLVWV RI SRO\KHGUDO JUDLQV ZLWK DQQHDOLQJ WZLQV LQWHUVSHUVHG LQWHUVSHUVHG LQ VRPH JUDLQV )XUWKHU WKH JUDLQ
RULHQWHGOXVWXUHHIIHFWLVDOVR SUHVHQWLQWKHPLFURVWUXFWXUH
7HQVLOHSURSHUWLHVRIWKHDQQHDOHG2)+&FRSSHUDUH<6 03D876 03D7RWDOHORQJDWLRQ SFW
DQG8QLIRUPHORQJDWLRQ SFW
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)LJ 2SWLFDOPLFURJUDSKRI2)+&FRSSHUDQQHDOHGDWR &
 (QJLQHHULQJDQG WUXHVWUHVVFRQWURO UDWFKHWLQJEHKDYLRU
7KH UDWFKHWLQJ EHKDYLRXU RI WKH DQQHDOHG 2)+& FRSSHU XQGHU HQJLQHHULQJ DQG WUXHVWUHVV FRQWURO PRGH RI
H[SHULPHQWVDUHVKRZQLQ)LJXUH DEIRUFRQVWDQWPHDQVWUHVVDQGIRUFRQVWDQWVWUHVVDPSOLWXGHUHVSHFWLYHO\,WLV
REVHUYHG WKDW GXULQJ DV\PPHWULF F\FOLF ORDGLQJ HLWKHU DW FRQVWDQW PHDQ VWUHVV RU DW FRQVWDQW VWUHVV DPSOLWXGH
HORQJDWLRQRIWKHVSHFLPHQRFFXUVGXHWRDFFXPXODWLRQRILQHODVWLFVWUDLQLQWKHGLUHFWLRQRIPHDQVWUHVV,WLVYHU\










TXLWH H[SHFWHG DV ZLWK UDWFKHWLQJ GHIRUPDWLRQ XQGHU HQJLQHHULQJ VWUHVVFRQWURO PRGH WKH GHFUHDVH RI VSHFLPHQ
















DQG WUXH VWUHVVFRQWURO PRGH RI WHVWV 7KH HQJLQHHULQJ VWUHVV VWUDLQ GLDJUDPV RI SRVW UDWFKHWHG VSHFLPHQV DUH
LOOXVWUDWHG LQ )LJXUH DE ZKHUHLQ WKH WHQVLOH GHIRUPDWLRQ FXUYH DIWHU  SFW WHQVLOH SUHVWUDLQ KDV DOVR EHHQ
LQFOXGHG IRU FRPSDULVRQ SXUSRVH ,Q WKH ERWK ILJXUHV VROLG OLQHV UHSUHVHQW WUXH VWUHVVFRQWURO DQG GRWWHG OLQHV
UHSUHVHQWHQJLQHHULQJVWUHVVFRQWUROSRVW UDWFKHWLQJ WHQVLOH GHIRUPDWLRQEHKDYLRXU 2QFRPSDULVRQZLWK WKH WHQVLOH
FXUYH RI WKH DVDQQHDOHG FRQGLWLRQ LW LV REVHUYHG WKDW ERWK \LHOG VWUHQJWK DQG WHQVLOH VWUHQJWK DUH LQFUHDVHG DQG
GXFWLOLW\LVUHGXFHG GXHWRSULRUUDWFKHWLQJGHIRUPDWLRQ%XWWKHLQFUHDVHRI SRVWUDWFHWLQJ\LHOGVWUHQJWKDQGWHQVLOH
VWUHQJWK LV OHVV DV FRPSDUHG WR WKH  SFW WHQVLOH SUHVWUDLQHG FRQGLWLRQ7KH VDPH WUHQG LQ WKH YDULDWLRQ RI SRVW
UDWFKHWLQJ\LHOGVWUHQJWK WHQVLOHVWUHQJWKDQGGXFWLOLW\KDVEHHQREVHUYHG LUUHVSHFWLYHRI WKH WHVWPRGH LHHLWKHU
HQJLQHHULQJ VWUHVVFRQWURO RU WUXH VWUHVVFRQWUROPRGHRI WHVWV ,W LV REVHUYHG WKDW ZLWKLQ WKHSUHVHQW H[SHULPHQWDO
GRPDLQRISULRUDV\PPHWULFF\FOLFORDGLQJXQGHUWUXHVWUHVVFRQWUROPRGHWKHPD[LPXPLQFUHDVHRI\LHOGVWUHQJWK
DQGWHQVLOHVWUHQJWKRFFXUE\   DQG   UHVSHFWLYHO\WKHFRUUHVSRQGLQJPD[LPXPGHFUHDVHRI XQLIRUPVWUDLQ
DQGWRWDOVWUDLQEHLQJ  DQG %XW LQWKHFDVHRI SULRU HQJLQHHULQJVWUHVVFRQWURODV\PPHWULFF\FOLFORDGLQJ
WKH PD[LPXP LQFUHDVH RI \LHOG VWUHQJWK DQG WHQVLOH VWUHQJWK  DQG  UHVSHFWLYHO\ 7KH FRUUHVSRQGLQJ
PD[LPXPGHFUHDVHRIXQLIRUPVWUDLQDQGWRWDOVWUDLQ LVDQG UHVSHFWLYHO\,WLVWKXVREVHUYHGWKDWKDUGHQLQJ
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GXHWRDV\PPHWULFF\FOLFORDGLQJLVOHVVDVFRPSDUHGWRWHQVLOHSUHVWUDLQHGFRQGLWLRQDQGKDUGHQLQJEHFRPHVPRUH
ZKHQ WKH DV\PPHWULF F\FOLF ORDGLQJ LV GRQH XQGHU HQJLQHHULQJ VWUHVVFRQWURO PRGH DV FRPSDUHG WR WUXH VWUHVV
FRQWUROPRGHRIWHVWV
&RPSDULQJWKHYDULDWLRQRIWHQVLOHGXFWLOLW\YDOXHVLWLVDOVRIRXQGWKDWWKHUHGXFWLRQRIWHQVLOHGXFWLOLW\EHFRPHV
PRUH ZKHQ SULRU DV\PPHWULF F\FOLF ORDGLQJ LV GRQH XQGHU HQJLQHHULQJ VWUHVV FRQWURO PRGH 6XFK WHVWLQJ PRGH
GHSHQGHQW YDULDWLRQ LQ SRVW UDWFKHWLQJ WHQVLOH SURSHUWLHV RFFXUV GXH WR FRQWLQXRXV LQFUHDVH RI WUXH VWUHVV ZKHQ
DV\PPHWULF F\FOLF ORDGLQJ LV GRQHXQGHU HQJLQHHULQJ VWUHVVFRQWUROPRGHZKLFKGRHVQRW KDSSHQ LQ FDVHRI WUXH






F\FOH WKH DPRXQW RI UHVLGXDO GLVORFDWLRQ LV OHVV ,W LV WKXV H[SHFWHG WKDW GXULQJ DV\PPHWULF F\FOLF ORDGLQJ WKH





7KH HIIHFW RI VWUHVV UDWLR 5 DW D FRQVWDQW PD[LPXP VWUHVV RI 03D RQ WKH WUXHVWUHVV FRQWURO UDWFKHWLQJ
EHKDYLRXURIDQQHDOHG2)+&FRSSHU LV VKRZQ LQ)LJXUH7KH FRUUHVSRQGLQJ UHVXOWV DUH VKRZQ LQ7DEOH ,W LV
REVHUYHG WKDW ZKHQ WKH VWUHVV UDWLR EHFRPHV PRUH QHJDWLYH WKH QXPEHU RI F\FOHV RYHU ZKLFK  SFW UDWFKHWLQJ
GHIRUPDWLRQ RFFXUV LV VLJQLILFDQWO\ UHGXFHG ,W VKRXOG EH QRWHG WKDW ZLWK FKDQJH LQ VWUHVV UDWLR DW D FRQVWDQW
PD[LPXPVWUHVVPHDQ VWUHVV LV VLPXOWDQHRXVO\FKDQJHGDQGZLWKPRUHQHJDWLYH VWUHVV UDWLRPHDQVWUHVVEHFRPHV
OHVV6RWKHPHDQVWUHVVKDUGHQLQJGXULQJDV\PPHWULFF\FOLFORDGLQJDWPRUHQHJDWLYHVWUHVVUDWLRZRXOGEHOHVV$V
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)LJ9DULDWLRQRIWUXHVWUHVVFRQWUROUDWFKHWLQJFXUYHIRUGLIIHUHQWVWUHVVUDWLRFRQVLGHULQJWKHPD[LPXPVWUHVVIRUSRVLWLYHPHDQVWUHVVDQG
PLQLPXPVWUHVVIRUQHJDWLYHPHDQVWUHVVDVFRQVWDQW
7KH WHQVLOH VWUHVVVWUDLQ EHKDYLRXU RI WKH VSHFLPHQV ZLWK SULRU UDWFKHWLQJ GHIRUPDWLRQ DW FRQVWDQW PD[LPXP
VWUHVV YDU\LQJ VWUHVV UDWLR LV VKRZQ LQ )LJXUH  ,W LV REVHUYHG WKDW ZLWK LQFUHDVH RI VWUHVV UDWLR DW FRQVWDQW
PD[LPXP VWUHVV LH ZLWK LQFUHDVH RI PHDQ VWUHVV GXULQJ DV\PPHWULF F\FOLF ORDGLQJ WKH SRVW UDWFKHWLQJ \LHOG
VWUHQJWKDQGWHQVLOHVWUHQJWKDUHLQFUHDVHGZLWKVLPXOWDQHRXVUHGXFWLRQRIWHQVLOHHORQJDWLRQV7KHYDULDWLRQRISRVW
UDWFKHWLQJVWUHQJWKDQGGXFWLOLW\SDUDPHWHUVLVVKRZQLQ)LJXUH,WLVREVHUYHGWKDW ZLWKLQFUHDVHRIVWUHVVUDWLRWKH
SRVW UDWFKHWLQJ \LHOG DQG WHQVLOH VWUHQJWK DUH LQFUHDVHG LQ D SHUIHFWO\ OLQHDU PDQQHU ZLWK VLPXOWDQHRXV OLQHDU
UHGXFWLRQRIWHQVLOHGXFWLOLW\ 7KLVREVHUYDWLRQLVLQFRQIRUPLW\WRWKDWRI'HHWDO  )URPWKHSRVWUDWFKHWLQJ
WHQVLOHGXFWLOLW\UHVXOWVLW LVFRQFOXGHGWKDWIRUDIL[HGDPRXQWRISULRUUDWFKHWLQJGHIRUPDWLRQSFW WKHIDWLJXH
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 &RQFOXVLRQV
)URPWKHUHVXOWVDQGGLVFXVVLRQSUHVHQWHGDERYHWKHIROORZLQJFRQFOXVLRQVKDYHEHHQGUDZQ
x &\FOLFKDUGHQLQJEHFRPHVPRUHIRUHQJLQHHULQJVWUHVVFRQWURODV\PPHWULFF\FOLF ORDGLQJDVFRPSDUHG WR
WKHFRQGLWLRQZKHQ WKHWHVWVDUHFDUULHGRXWXQGHUWUXHVWUHVVFRQWUROPRGH




DUH LQFUHDVHG DQG GXFWLOLW\ LV UHGXFHG DV FRPSDUHG WR DVDQQHDOHG FRQGLWLRQ 6XFK YDULDWLRQ LQ SRVW
UDWFKHWLQJWHQVLOHSURSHUWLHVLV PRUHZKHQWKHSULRUUDWFKHWLQJGHIRUPDWLRQLVFDUULHGRXWXQGHUHQJLQHHULQJ
VWUHVVFRQWUROPRGHDVFRPSDUHGWRWUXHVWUHVVFRQWUROPRGHRIWHVWV0XFKKLJKHUKDUGHQLQJRFFXUVLQFDVH
RI WHQVLOH SUHVWUDLQHG FRQGLWLRQ DV FRPSDUHG WR WKH FRQGLWLRQZLWKSULRU UDWFKHWLQJGHIRUPDWLRQRI VDPH
DPRXQW
x 8QGHUWUXHVWUHVVFRQWUROPRGHRIWHVWWKH QXPEHURIF\FOHV UHTXLUHGIRUDFFXPXODWLRQRI SFWUDWFHKWLQJ
GHIRUPDWLRQH[SRQHQWLDOO\ LQFUHDVHVZLWK LQFUHDVHRI VWUHVVUDWLR DWFRQVWDQWPD[LPXPVWUHVV







*DR + &KHQ ;  (IIHFW RI $[LDO 5DWFKHWLQJ 'HIRUPDWLRQ RQ 7RUVLRQDO /RZ &\FOH )DWLJXH /LIH RI /HDG )UHH 6ROGHU 6Q$J
,QWHUQDWLRQDO-RXUQDORI)DWLJXH
&KHQ * 6KDQ 6 & &KHQ ;  5DWFKHWLQJ DQG )DWLJXH 3URSHUWLHV RI WKH +LJK1LWURJHQ 6WHHO ;&U0Q0R1 XQGHU &\FOLF
/RDGLQJ &RPSXWH0DWHULDO6FLHQFH
'HOREHOOH 35RELQHW 3%RFKHU /  ([SHULPHQWDO 6WXG\ DQG 3KHQRPHQRORJLFDO0RGHOL]DWLRQ RI5DWFKHW XQGHU8QLD[LDO DQG%LD[LDO
/RDGLQJRQDQ$XVWHQLWLF6WDLQOHVV6WHHO ,QWHUQDWLRQDO-RXUQDORI3ODVWLFLW\




+ROVWH & .OHLQHUW : *LUWK 5 0HRKNH .  &\FOLF 6WUHVVVWUDLQ 5HVSRQVH DQG 6WUDLQ /RFDOL]DWLRQ (IIHFWV XQGHU 6WUHVVFRQWURO
&RQGLWLRQV 0DWHULDO6FLHQFHDQG(QJLQHHULQJ$
-LDQJ<.XUDWK3 &KDUDFWHULVWLFVRIWKH$UPVWURQJ)UHGHULFN7\SH3ODVWLFLW\0RGHOV,QWHUQDWLRQDO-RXUQDO RI3ODVWLFLW\




+DVVDQ 7 .\ULNLGHV 6  5DWFKHWLQJ RI &\FOLFDOO\ +DUGHQLQJ DQG 6RIWHQLQJ0DWHULDOV , 8QLD[LDO %HKDYLRU ,QWHUQDWLRQDO -RXUQDO RI
3ODVWLFLW\
2]JHQ8& .LQHPDWLF+DUGHQLQJ5XOHVIRU0RGHOLQJ8QLD[LDODQG0XOWLD[LDO5DWFKHWLQJ 0DWHULDO'HVLJQ









1367 Jayanta Kumar Mahato et al. /  Procedia Materials Science  5 ( 2014 )  1358 – 1367 
.DQJ*=/L<*-KDQJ-6XQ<))DR4 8QLD[LDO5DWFKHWLQJDQG)DLOXUH%HKDYLRUVRI7ZR6WHHOV 7KHRU\RI$SSOLHG)UDFWXUH
0HFKDQLFV




+DVVDQ 7 .\ULDNLGHV 6  5DWFKHWLQJ RI F\FOLFDOO\ KDUGHQLQJ DQG VRIWHQLQJ PDWHULDOV , 8QLD[LDO EHKDYLRU ,QWHUQDWLRQDO -RXUQDO RI
3ODVWLFLW\
'H36&KDNUDERUWL3&%KDWWDFKDU\D%6KRPH0 %KDWWDFKDUMHH'5DWFKHWLQJ%HKDYLRURI D7LWDQLXP6WDELOL]HG ,QWHUVWLWLDO
)UHH6WHHO0HWDOOXUJLFDODQG0DWHULDOV7UDQVDFWLRQV$
